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1974.-Para-aminohippurate (PAH) transport was studied in isolated, perfused snake (Thamnophis spp.) proximal renal tubules. PAH secretion from bath to lumen against a concentration gradient occurred primarily in distal-proximal tubules.
Rate of secretion was only one-third as great in proximal-proximal tubules and was not always against a concentration gradient.
In by the renal tubules of ophidian reptiles (5), but the transport process is not well understood.
It has been possible to evaluate some factors involved in PAH transport in snake kidneys by the use of kidney slices (6, 7) . These studies suggested that PAH might not share the same transport system with other organic acids, such as uric acid, which are secreted by the renal tubules. However, the slice technique permits evaluation of transport only at the peritubular membrane. Recent studies (8, 9) have shown that it is possible to perfuse segments of snake renal tubules in vitro and to study the steps in transport of organic acids, such as uric acid, across the tubule epithclium.
In the present study, we have evaluated the steps in PAH transport across the tubular epithelium directly by studying the secretion of tritiated PAH by isolated, perfused snake proximal tubules. We have measured peritu bular, cellular, and luminal concentrations of PAH during these experiments.
The results indicate that: 1) PAH secretion occurs primarily in the distal portions of the proximal tubule; 2) secretion in this segment probably occurs by active transport into the cells against a concentration gradient and subsequent diffusion into the lumen ; 3) net secretion is not influenced significantly by perfusion rate ; and 4) PAH secretion does not appear to share the same transport system with urate. The permeabilities of the luminal and peritubular membranes to PAH were calculated from the PAH fluxes and concentration differences. These permeabilities are discussed in relation to the proposed transport model, the measured and predicted passive efflux values, and the probable differences between PAH and mate transport.
METHODS
Animnls and dissection of tubules. Garter snakes ( Thmnophis spp.) of both sexes were obtained from suppliers in Wisconsin and maintained as described previously (8, 9). The animals were killed by decapitation and the kidneys were quickly removed and placed in a dish of cold oxygenated Ringer solution (see below for composition of Ringer solution).
Single kidney lobules were separated from the kidneys and transferred to another dish of oxygenated Ringer solution at room temperature. Using fine forceps and steel needles, we dissected the proximal tubules free without the aid of enzymatic agents. Portions of two anatomical segments of the proximal tubule were used in these experiments.
These anatomical segments can be seen in Fig. 1 . One segment extends from a narrow neck segment below the glomerulus through a marked series of convolutions occurring at the first bend in the proximal tubule. This relatively convoluted early segment of the proximal tubule can probably .be considered'analogous to the convoluted portion of the mammalian proximal tubule. However, in order to avoid a rigid structural analogy, we have termed this portion simply the proximal-proximal tubule. The second segment which was used in the present study consists of the remainder of the proximal tubule. This relatively straight portion appears to be analogous to the straight portion of the mammalian proximal tubule. We have termed it the distal-proximal tubule. The portions of the proximal-proximal tubule used in the present study varied in length from 1.1 to 2.1 mm (1.7 =t 0.34; mean & SD). The portions of the distal-proximal tubules used in this study varied from 0.9 to 2.2 mm (1.6 zt 0.40; mean =t SD> .
Ringer comfosition. 1.8. In addition, dextran (mol wt 40,000 & 3,000) was added to the outside bathing medium in a concentration of 4 g/l00 ml to approximate the plasma protein concentration of these snakes (8). The medium was bubbled continuously with a 95% 02-5 % CO2 gas mixture. Perfusion of tubules. The tubules were perfused in vitro by a technique essentially the same as that first described by Burg et al. (3) and used previously for snake tubules (8, 9). Briefly, the dissected tubule was transferred in a drop of Ringer solution to a special Lucite bathing chamber containing 2 ml Ringer and viewed through a stereomicroscope (X 16-100).
The two ends of the tubule were held between glass micropipets, and the tubule was perfused through an inner micropipet. up into the pipet, displacing the oil. Secretion studies were then performed as described above. Samples were collected in the usual fashion until the volume of Ringer in the perfusion pipet was exhausted and the oil filled the tubule lumen.
Then the micromanipulator holding the perfusion pipets was rapidly elevated, pulling the tubule free of the collecting pipet and through the surface of the bathing medium. The tip of the perfusion pipet, still holding the tubule, was then rapidly immersed in a dish containing immersion oil (Cargille type A). The time that elapsed between filling of the tubule lumen with oil and the immersion of the whole tubule in oil was always less than 30 s. The tubule was then pulled free of the perfusion pipet under oil with a glass needle and transferred to 10 ~1 of 3 % trichloroacetic acid to precipitate tissue protein and extract the PAH. After 1 h the tubule was removed, and the trichloroacetic acid containing the extracted PAH was added to 10 ml of scintillation fluid for counting.
The oil was then extracted by immersion of the tubule in chloroform for 1 h. Finally, the tissue was dried and Leighed on a quartz fiber ultramicrobalance (1). Since some tissue weight is lost during the trichloroacetic acid and chloroform extractions, the final weight was multiplied by a factor determined previously (8) from a series of non-oil-filled tubules that were weighed before and after the same extraction procedure.
The tissue water was calculated as 3.52 times the corrected dry weight. This value was determined in snake proximal tubules by previous studies using tritiated water (8). A correction was also made by subtracting that fraction of the tubule length that was contained in the holding pipets. &'flux of P&-L The efflux of PAH from lumen into the bath was studied by adding PAH at a concentration of 6 X lo-;' M to the nerfusate instead of the bath. This concentration was chosen because it corresponded to half the average concentration of PAH in the collections of tubular fluid made during the secretion studies (see RESULTS). Thus, this concentration approximated the mean PAH concentration in the tubule lumen during the secretion studies. At the end of each collection period the entire 2 ml of bathing medium was counted to determine the amount of tritiated PAH that had been lost from the lumen. In these experiments, the perfusion pipet was also prefilled with oil and the tissue PAH concentration was determined in the same fashion as outlined above for the secretion studies.
Cptuke of PAH by non;berfused tubules. Segments ma1 tubules were teased from fresh tissue as of proxidescribed above. Five to nine such segments were incubated together for 120 min in a bath of Ringer continuously gassed with 95 % 02-5 % CO2 at 25 zf~: 2°C. This time period was chosen because it represented the time for a steady state to be reached for PAH uptake by snake kidney slices (6) . The concentration of tritiated PAH in the bathing medium was 2 X lOAs M. In some experiments, uptake by control tubules was compared with uptake by tubules incubated in Ringer containing 40 X 1 O-s M uric acid, 10 mM sodium acetate, or 5.5 mM glucose in addition to PAH. When 10 mM sodium acetate was added to the medium, the NaCl concentration was reduced accordingly. Extraction and counting of the radioactivity and weighing of the tubules were done as outlined above for perfused tubules. Analytical methods. The activity of tritiated PAH was determined by counting in a liquid scintillation spectrometer (Nuclear Chicago Corporation, Unilux II). The scintillation solution for most of the studies was the same as that described by Truniger and Schmidt-Nielsen (10). For experiments in which the entire 2 ml of bathing medium were counted, the scintillation solution used was Aquasol (New England Nucear Corp.). The quantity of PAH in each sample was determined from its activity and the activity of PAH of known concentration counted in an identical system. PAH fluxes are expressed as moles per millimeter tubule length per minute (mol mm-l min-l).
RESULTS
PAH uptake by nonperfused tubules. To determine which portion of the proximal tubule might be most important in the secretion of PAH, we initially examined the uptake of PAH by nonpcrfused tubules in which the lumen was collapsed.
Proximal-proximal and distal-proximal segments from the same tubules were compared and the incubations of both segments were performed simultaneously. The steady-state tissue PAH concentration in proximalproximal tubules was less than 3 times the bath concentration (Table  1) while the steady-state tissue PAH concentration in distal-proximal tubules was about 28 times the bath concentration (Table  1) . This difference was highly significant statistically (P < 0.001).
Since this strongly suggested that most PAH secretion occurred in the distal-proximal segments, most of the secretion studies with isolated, perfused tubules were performed with these segments.
The effect of uric acid in the bathing medium on the uptake of PAH by both segments was examined in a similar study. Uric acid in a concentration 20 times that of PAH had no effect on the steady-state PAH tubule-to-bath concentration ratio for either segment of the proximal tubule (Table 1) .
The effects of glucose and acetate in the bathing medium on PAH uptake by distal-proximal tubules was also evaluated.
The accumulation of PAH was slightly greater in the presence of 5.5 mM glucose than in plain Ringer, but the difference was not statistically significant (0.20 < P < 0.30) ( Table 1) . The presence of a 10 mM concentration of acetate also had no effect on the accumulation of PAH by these tubular segments (Table  1) . These findings agree with previous ones with snake kidney slices (6, 7) which indicated that possible exogenous energy sources, such as glucose and acetate, had no significant stimulator) effect on PAH accumulation.
Therefore, no such exogenous energy sources were used in the present studies with isolated, perfused tubules.
PAH secretion by isolated, flerfused distcrl-f,roxinltrl tubules. Secretion of PAH from bath to tubule lumen occurred against a concentration gradient in distal-proximal tubules at flow rates varyin, <r from 0.7 to 7 nl min-l. The ratio of the concentration of PAH in the collected tubular fluid to that in the bath !PAH TF/B ratio) was greater than 1.0 over this range of flow rates and was as high as 20 in some tubules. The PAH TF/B ratios tended to vary inversely with the flow rate (Fig. 2) , but averaged about 6.0 at all flow rates studied (6.02 & 0.61; mean rt SE for 23 tubules).
to There W as some variation in the transport rate from bath lume n among tubules and within the same tubule. However, net transport remained relatively constant for a given tubule for perfusion experiments of 80 to 100 min. When perfusion experiments lasted longer than 100 min, net PAH secretion tended to decrease somewhat.
For experiments that lasted more than 100 min, control measurements were repeated at the end of the experiment.
However, Changes in perfusion rate had very little effect on net PAH secretion in any individual tubule. Moreover, when all periods for tubules perfused at flow-rates from about 0.7 to 7.0 nl min-l were considered, there was no significant correlation between net PAH secretion and flow rate (correlation coefficient: +O. 1036). The net PAH secretion at all flow rates averaged about 250 X 10-l" mol mm-l min-l (249.9 =t 35.60 X 10-l"; mean & SE for 23 tubules).
In six tubules, the effect of 40 X lo-l5 M uric acid on net PAH secretion was evaluated.
The order of the control and experimental periods was reversed in alternate experiments.
The ratio of net PAH secretion in the presence of uric acid to that in the absence of uric acid was determined for each tubule. For all six tubules this ratio actually averaged greater than 1 .O (1.16 & 0.23; mean + SE), but did not differ significantly from 1.0 (0.50 < P < 0.60). Thus, uric acid, in a concentration 20 times that of PAH, did not significantly affect PAH secretion by isolated, perfused distal proximal tubules. In 12 tubules, the concentration of PAH was varied over a loo-fold range (0.2 X lo-" M to 20 X lOa" M). Net PAH transport increased rapidly as the PAH concentration increased from 0.2 X lo-" M to about 6 X 10-j M (Fig. 3) . The transport system appeared to saturate at a PAH concentration of about 6 X 1 OmG M (Fig. 3) . Thus, the bath PAH concentration (2 X lo-" M) at which all other studies were performed was below that required for a maximum rate of transport.
The maximum rate of transport in these studies averaged between 300 and 350 X lo-'j c mol mm-l (Fig. 3) .
In each distal-proximal tubule in which tissue PAH was measured, the concentration of PAH during secretion was greater in the tubule cells than in the tubular fluid (Fig. 4) . Moreover, the mean cellular PAH concentration from all these tubules was significantly greater (0.005 < P < 0.01) than the mean luminal PAH concentration in these tubules (Fig. 5) PAH from bath to tubule lumen occurred at perfusion rates of 2-4 nl min-l with 2 X lo-" M PAH in the bath. However, the net transfer averaged less than 70 X lo-l5 mol mm+ min-l (66.51 & 10.14 X 1O-lj; mean =t SE for seven tubules).
This was significantly less (P < 0.001) than the mean transfer rate for distal-proximal tubules with the same concentration of PAH in the bath (see above). Although the average PAH TF/B ratio was slightly greater than 1 .O when all periods were considered (1.09 =t 0.29; mean =t SE for seven tubules), it was often less than 1 .O for individual periods, and averaged less than 1.0 (0.72 rt 0.087; mean =t SE) for four of the seven tubules studied. This situation can be seen in Figs. 4 and 5 where only the PAH TF/B ratios and PAH tubular fluid concentrations obtained immediately prior to the measurements of the tissue PAH concentration are plotted. When the PAH TF/B ratio was less than 1.0, the overall transfer of PAH from bath to lumen could have been by a process of diffusion.
The average concentration of PAH in the cells of these isolated, perfused proximal-proximal tubules was greater than that in the bath (1.38 =t 0.52; mean cell/bath ratio -_t SE for seven tubules) (Figs. 4 and 5 ). This would indicate that PAH must be transported into the tubule against a concentration gradient. However, the PAH cell/ bath ratio for four of the seven tubules was less than 1.0 (Fig. 4) even though these changes in flow altered the luminal PAH concentration (Fig. 2) . The mean value for PL in distal-proximal tubules was 3.50 & 0.91 X lo-" cm s-l (mean & SE for 15 tubules).
As noted above, the concentration of PAH in the lumen of some proximal-proximal tubules was less than that in the bath during the movement of PAH from bath to lumen (Fig. 4) . In these cases, some of the net transfer of PAH from bath to lumen might have occurred passively between the cells. If some of the net PAH transfer did move between the cells rather than across the luminal membrane, the There was much variation among tubules, but the mean value was 6.62 + 5.47 X 10e4 cm 2 s-l (mean + SE for seven tubules).
The permeability of the peritubular membrane (Pp) was also estimated in the same manner as that used by Tune, Burg, and Patlak (11). In this case, we assumed that the rate of transport of PAH into the cells of nonperfused tubules on the peritubular membrane at steady state was the same as in the perfused tubules. The steady state is reached when passive efflux from the cells equals active transport into the cells. Under these circumstances, we could then calculate the permeability coefhcient for the passive efflux of PAH across the peritubular membrane from the net PAH secretion found in the perfused tubules, and the tissue PAH concentrations found in the perfused and nonperfused tubules. For this purpose we used the following equation (11) :
In equation 2, MB+L is again the net secretion of PAH from bath to lumen, A,, is the area of the peritubular membrane per unit length (for a mean outside diameter of 55.6 ,U (8), 'A,, is 174.7 X lo+ cm2 mm-l), CTm is the mean steady-state tissue PAH concentration of the nonperfused tubules, and C&, is the mean tissue PAH concentration in the perfused tubules. For the distal portion of the proximal tubule, we calculated P, to be 1.17 X lo-" cm s-l. This value is considerably less than the value of 3.50 X 10e5 cm s-l calculated above for P,. As noted earlier, although the mean tissue PAH concentration of perfused proximal-proximal tubules is greater than that of the bathing medium, the tissue concentration is lower than that of the bathing medium in some individual tubules. In these cases, the mechanism of transport from bath into cell across the peritubular membrane may not be an active one. Nevertheless, the steady-state cellular concentration of PAH in the nonpcrfused tubules was always greater than 1.0 and, thus, transport into these tubules appeared to be active. Accordingly, we used the mean tissue PAH concentration from perfused and nonperfused tubules to calculate the pcritubular membrane permeability for this portion of the proximal tubule from equation 2. For the proximal portion of the proximal tubule, we calculated P, to be 1.37 X 1 Om5 cm s-l. This does not differ greatly from that calculated above for the distal portion of the proximal tubule. However, it is only 1/50th of the luminal membrane permeability (66.2 X 10-j cm s-l) calculated earlier for these proximal-proximal tubules.
DISCUSSION
During the secretion of PAH by isolated perfused distal portions of snake proximal renal tubules, the concentration of PAH in the tissue was consistently greater than that in the bath and tubular fluid. The PAH entered the lumen from the cells down a concentration gradient. These findings are consistent with the model for PAH secretion in this portion of the nephron shown in Fig. 5 . In this model, PAH is actively transported into the cells across the peritubular membrane and then diffuses down a concentration gradient into the tubule lumen. This model for PAH secretion by the distal portion of snake proximal tubules is the same as that proposed by Tune, Burg, and Patlak (11) for PAH secretion by rabbit proximal tubules. In these PAH secretion studies, we have assumed that the PAH recovered from the tissue is unbound and in free solution in the cell water. This assumption is supported by the measurements of tissue PAH concentration made during the efflux studies. During these studies, the concentration of PAH in the tissue was only 18 % of that in the perfusion fluid. More than 50 times the amount of PAH found in the tissue diffused across the tubules during these studies. This should have been more than enough PAH to have produced a tissue concentration greater than that in the perfusion fluid if significant tissue binding occurred. Since this was not the case, it appears likely that the tissue PAH concentration was representative of the free intracellular transport pool. The pattern of PAH transport is not as clear for the proximal portion of snake proximal tubules as for the distal portion.
The net transfer of PAH from bath to lumen in proximal-proximal tubules was less than one-third of that in the distal-proximal tubules. This pattern corresponds to that observed in mammalian nephrons in which PAH secretion is much more marked in the straight portion of the proximal tubule than in the convoluted portion (11).
The average cellular and luminal PAH concentrations in perfused proximal-proximal tubules suggest that, as in distal-proximal tubules, secretion of PAH occurs by active uptake into the cells on the peritubular side and passive diffusion into the lumen (Fig. 5) . However, as noted earlier (see RESULTS) , the data are not conclusive for some In this respect, the pattern for PAH differed markedly from that observed previously for urate in these renal tubules (8, 9). In the previous studies, it was found that net urate secretion increased markedly with increases in flow rate and that significant backdiffusion of urate from lumen to bath occurred (8). The present findings of a lack of effect of perfusion rate on PAH secretion agree with those of Tune, Burg, and Patlak (11) with rabbit renal tubules. Moreover, in the present study, the average efflux of PAH from lumen to bath was only about one-fifth of the average net PAH secretion from bath to lumen. It must also be emphasized that even this efflux of PAH from lumen to bath was almost certainly greater than that which actually occurred during the secretion studies. Although the concentration of PAH in the perfusion fluid was approximately the same as the mean concentration in the lumen during the secretion studies, it was present throughout the tubule during the efflux studies. More important, there was no PAH present in the bath during the efflux studies and, thus, the gradient for diffusion was more marked than during the secretion studies.
The In accord with this, if P, in the present study is calculated on the basis of a luminal diameter of 16 ,u (used by Tune, Burg, and Patlak (11) for rabbit nephrons) rather than 27.5 p, the value increases to 6.01 X 10M5 cm s-l. This is virtually identical with the value obtained for rabbit proximal tubules (see above) (11). Thus, although the luminal membrane permeabilities differ markedly for urate and PAH in the snake tubules, the permeabilities for PAH are the same in both snake and rabbit tubules.
The calculated PAH permeability coefficient for the peritubular membrane of the distal-proximal tubules (1.17 X 1o-5 cm s-l) is only one-third of that for the luminal membrane (3.50 X lo-" cm s-l). It is not possible to be certain of the accuracy of this comparison since, as noted above, the luminal membrane area cannot be determined accurately. Nevertheless, the lower permeability of the peritubular membrane is in accord with the model (Fig. 6) 
